Background: The consumption of dairy products may influence the risk of type 2 diabetes mellitus (T2DM), but inconsistent findings have been reported. Moreover, large variation in the types of dairy intake has not yet been fully explored.
Introduction
The prevalence of type 2 diabetes mellitus (T2DM) is a growing public-health burden worldwide, particularly in developing countries. The prevalence of T2DM is estimated to reach 552 million worldwide by 2030 [1] . T2DM may cause substantial morbidity and mortality and is associated with enormous economic, health, and societal costs [2, 3] . Moreover, as compared with unaffected people, those with T2DM are at increased risk of other chronic illnesses, including cardiovascular disease; T2DM more than doubles the risk of a heart attack or stroke [4, 5] . Therefore, the identification of modifiable risk factors for primary prevention of T2DM is of considerable public health importance.
T2DM has genetic components but is also directly influenced by modifiable lifestyle factors, including dietary behaviors [6] . Dairy consumption might affect T2DM. Experimental studies indicated that dairy protein, such as whey protein, has insulinotropic and glucose-lowering properties [7] .The Multi-Ethnic Study Atherosclerosis [8] and Cardiovascular Health study [9] suggested that fatty acids in dairy might be responsible for lower risk of T2DM.
Epidemiological studies of dairy products and T2DM risk have given mixed results [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23] . Some cohort studies have reported inverse associations of intake of total and low-fat dairy products, milk and/or yogurt and T2DM risk, but other studies found no association [10, 11, 19, 20, 23] . One meta-analysis of 7 studies reported a significant inverse association of dairy intake and risk of T2DM [24] . However, the large variation in types of dairy consumed has not been fully explored. Furthermore, the dose-response relationship needs to be clarified as well as any gender or geographic differences in the T2DM risk. In addition, possible confounding by other lifestyle factors needs to be explored to firmly establish the potential preventive role of dairy products in T2DM.
We conducted a meta-analysis of population-based cohort studies to investigate dose-response associations of consumption of total, low-fat, and full-fat dairy products as well as different types of dairy products and risk of T2DM.
Methods

Data Sources and Search Strategy
We followed standard criteria for conducting and reporting meta-analyses of observational studies (MOOSE). Two authors (DG and NN) independently did a literature search MEDLINE via PubMed (published from 1966 to March 2013), EMBASE (published from 1980 to March 2013), and Scopus (www.scopus. com) with no restriction on language. To identify studies of milk or dairy product intake and T2DM risk, we used both the medical subject heading (MeSH) terms (''Diabetes Mellitus'' AND (milk OR dairy)) and searched the text using the terms ('diabetes'/exp OR diabetes') AND ('dairy'/exp OR dairy OR 'milk'/exp OR milk). We also searched the reference lists of all studies retrieved and published systematic reviews and meta-analysis.
Study Selection
All abstracts retrieved were examined independently by 2 investigators (DG and NN) who then retrieved the full text of potential articles. Disagreements were resolved by consensus, and if necessary, with a third author (CW). We included prospective cohort studies and case-cohort studies assessing the association of consumption of total dairy products or specific types of dairy products and T2DM. To be included in the analyses, articles needed to contain estimates of the relative risk (RR) (such as odds ratios [ORs] , hazard ratios [HRs] or risk ratios) with 95% confidence intervals (95% CIs). We excluded animal studies, clinical trials, cross sectional studies, case-control studies, and studies that examined other associations. For the dose-response analysis, a quantitative measure of intake had to be provided. If the article lacked data, we attempted to contact the author.
Data Extraction and Quality Assessment
We extracted the following data from each study: country where the study was conducted, follow-up period, sample size, gender, age, number of cases, dietary assessment method (type, number of food items and whether the food intake had been validated), type of dairy product (e.g., total dairy, milk, cheese), quantity of intake, HRs, RR values, and ORs and 95% CIs for dairy product intake and, when available, the number of cases and participants or person-years for each category of dairy product consumption. Two authors (YL and ZM) independently performed the data extraction. Any disagreements were resolved by discussion.
Two independent reviewers (DG and NN) evaluated the quality of the selected studies by using a modified scoring system that was based on a recently used system (designed with reference to QUATSO [25] , MOOSE [26] , and STROBE [27] ) that allowed for a total score of 0 to 6 points (6 indicating highest quality) [28] . The system allocates one point each for 1) any justification given for the cohort; 2) appropriate inclusion and exclusion criteria used; 3) outcome (diagnosis of T2DM not solely based on self-reporting); 4) intervention (participants' usual dairy consumption assessed with a validated tool); 5) statistical analysis (adjustments made for age, sex, body mass index, and family history of T2DM, total energy intake and physical activity, these being proven risk factors for type 2 diabetes); and 6) any other adjustments performed (such as glycemic load and dietary factors).
Statistical analysis
HRs and RRs were assumed to be approximately the same measure of relative risk. For articles reporting ORs, we estimated the RRs from the ORs using a previously published correction method [29] . To take into account heterogeneity between studies, we used a random-effects models to calculate summary RRs and 95% CIs for the highest versus lowest level of dairy product intake and for the dose-response analysis. The natural logarithm of the RR from each study was weighted by the inverse of its variance and pooled across studies. A two-tailed P,0.05 was considered statistically significant. Articles that reported findings for men and women separately were considered 2 studies when the observed items were combined.
For the dose-response analysis, we used GLST command in Stata software as the method proposed by Greenland and Longnecker [30] and Orsini et al. [31] to compute study-specific slopes (linear trends) and 95% CIs from the natural logs of the RRs and 95% CIs across categories of dairy product intake.
For each study, the median or mean level of dairy product intake for each category was assigned to each corresponding RR. When the median or mean intake per category was not provided, we assigned the midpoint of upper and lower boundaries in each category as the average intake. If the highest or the lowest category was open-ended, we assumed that the open-ended interval length had the same length as the adjacent interval. If the intake was reported in densities (i.e., per 1000 kcal), we recalculated the reported intake as absolute intake using the mean or median energy intake reported in the article [14] . When studies reported the intake in servings and times per day or week, we converted the intake to grams of intake per day using standard units of 244 g (or 244 ml) for milk, 43 g for cheese (2 slices) and 177 g for total dairy products from the serving sizes reported in the US Department of Agriculture Food and Nutrient Database for Dietary Studies [32] . Pooled estimates were expressed in rounded numbers that approximated a normal portion size and fitted within the range of dairy intake of all studies (i.e., 200 g for milk and total, low-fat, and full-fat dairy; 50 g for yogurt; and 30 g for cheese).
To examine a potential nonlinear association between dairy products intake and T2DM risk, we performed a 2-stage, randomeffects, dose-response meta-analysis, as recently summarized [33] . In the first stage, we constructed study-specific restricted cubic spline models, with 4 knots at fixed percentiles (5%, 35%, 65%, 95%) of the exposure distribution by using generalized leastsquares regression. In the second stage, we combined the 2 regression coefficients and the variance/covariance matrix that had been estimated within each study, using the restricted maximum likelihood method in a multivariate random-effects meta-analysis. The pooled relative risks for specific exposure values were then estimated. A P value for nonlinearity was calculated by testing the null hypothesis that the coefficient of the second spline was equal to zero.
Heterogeneity among studies was assessed by I 2 , the amount of total variation explained by the between-study variation, and the Q test. We conducted subgroup and random effects univariate and multivariate meta-regression to investigate potential sources of heterogeneity we performed for the primary outcomes. Publication bias was assessed with funnel plots, Begg's test and Egger's test. Stata v12.0 (Stata Corp, College Station, TX) was used for all the statistical analysis.
Results
Study characteristics
We included 15 prospective cohort studies and 1 case-cohort study in our analysis (Figure 1) . 6 of the studies [12, 13, 14, 15, 16, 18] were performed in the United States, 6 in Europe [11, 19, 21, 23, 34, 35] , 2 in Asia [17, 22] and 2 in Australia [10, 20] . The articles were published between 2005 and 2013 and included 526,998 subjects (including 29,789 T2DM cases). Characteristics of included studies are in Table 1 . Figures 2 show assessments by risk of bias. The studies were generally of moderate quality. More than 75% of the studies met 4 of the quality items as reported and 8 studies met all requirements. Interrater reliability for assessing quality items was good (k = 0.86, P,0.01).
Total Dairy Products Intake and T2DM Risk
In all, 13 studies [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 23, 34] including 457,893 subjects (27,095 cases) were analyzed.
In all, 13 studies(8-18; 21) including 457,893 subjects (27,095 cases) were analyzed.
High versus low intake. The summary RR for all studies was 0.89 (95% CI 0.81-0.98), with moderate heterogeneity, I 2 = 65.4% and P heterogeneity = 0.000 ( Figure 3A) .
Dose-response analysis. The summary RR for an increase of 200 g/day was 0.94 (0.91-0.97), with moderate heterogeneity, I 2 = 51.6%, P heterogeneity = 0.02 ( Figure 3B ). On subgroup analysis (Table 2) , we found an inverse association of total dairy intake and T2DM risk in all strata except European studies and studies not adjusting for family history of T2DM, although in some analyses the associations were not statistically significant. None of the results differed significantly by sex (P = 0.21 for all comparisons). On univariate meta-regression analysis, geographic location, adjustment for family T2DM history, and glycemic load were significant predictors of the heterogeneity (p = 0.05, p = 0.04 and p = 0.04, respectively). But on multivariate meta-regression, we failed to identify the source of heterogeneity. We found no evidence of publication bias by Egger's test (P = 0.37), Begg's test (P = 0.58) or funnel plot(see Appendix Figure 1 ). We also found a nonlinear association of total dairy product intake and T2DM risk, P for nonlinearity ,0.001, with most of the risk reduction occurring with intake up to about 200 g/d; higher intake were associated with a further but more modest decrease in risk ( Figure 4A ).
Low-and Full-fat Dairy Intake and T2DM Risk
8 studies [10, 11, 12, 13, 14, 15, 16, 23] including 260,700 subjects (9,398 cases) were analyzed.
High versus low intake. Low-fat dairy consumption was inversely associated with T2DM risk, with a pooled RR of 0.81 (0.74-0.89) ( Figure 5A ). Full-fat dairy consumption was not associated with T2DM risk, with a summary RR of 0.95 (0.85-1.07) ( Figure 6A ). We found no significant heterogeneity for the associations of low-fat (I 2 = 1.8%; P heterogeneity = 0.42) or full-fat dairy consumption (I 2 = 38.1%; P heterogeneity = 0.13). Dose-response analysis. The summary RR for a 200-g/ day increase in low-fat dairy intake was 0.88 (0.84-0.93), with no evidence of heterogeneity, I 2 = 16.3% and P heterogene ity = 0.32 ( Figure 5B ). The summary RR for a 200-g/day increase in full-fat dairy intake was 0.95 (0.88-1.04), with evidence of heterogeneity, I 2 = 52.2% and P heterogeneity = 0.04 ( Figure 6B ). We found an inverse association of low-fat dairy intake and T2DM risk for all strata, although in some analyses the associations were not statistically significant (Table 2 ). On univariate meta-regression analysis, the effect was weaker, although not significantly, for Table 2 . Subgroup analyses of total and low-faty dairy products intake and T2DM, dose-response analysis. studies with than without adjustment for coffee and meat intake (P = 0.06 for both). But on multivariate meta-regression, we failed to identify the source of heterogeneity. On We found a nonlinear association of low-fat dairy intake and T2DM risk, P for nonlinearity = 0.02, with most of the risk reduction occurring with intake up to about 300 g/day; higher intake (.400 g/day) was not associated with a further decrease in risk ( Figure 4B ).
Milk Intake and T2DM Risk
High versus low analysis. 9 studies [11, 13, 15, 17, 18, 19, 20, 22, 23] including 327,039 subjects (21,755 cases) were analyzed. For 6 studies [11, 17, 18, 19, 22, 23] , data were available on the association of total milk intake and T2DM risk, for 3 studies [13, 15, 20] , milk consumption was analyzed as full-fat milk (or whole milk) and low-fat milk (or skim milk) and for 1 study, data was reported as full fat milk only [35] . The summary RR for total milk intake was 0.89 (0.78-1.01), with moderate heterogeneity, I 2 = 51.8% and P heterogeneity = 0.043. The summary RR for low-fat and full-fat milk intake was 0.82 (0.69-0.97, I 2 = 40% and P heterogeneity = 0.19) and 1.12 (0.99-1.27, I 2 = 0% and P heterogeneity = 0.79), respectively ( Figure 7) . Dose-response analysis. 8 studies [11, 13, 15, 17, 18, 19, 20, 22, 23] were analyzed. The summary RR for a 200-g/day increase in total milk intake was 0.89 (0.79-1.01), with evidence of moderate heterogeneity, I 2 = 66.3% and P heterogeneity = 0.005 (data not shown). The summary RR for a 200-g/day increase in full-and low-fat milk intake was 1.27 (0.97-1.67, I 2 = 0% and P heterogeneity = 0.58) and 0.83 (0.70-1.00, I 2 = 14% and P heterogeneity = 0.21), respectively.
Yogurt and Cheese Intake and T2DM Risk
Seven studies [11, 12, 13, 15, 17, 19, 20] including 254,552 subjects (18,532 cases) were analyzed for yogurt intake. Seven studies [11, 13, 15, 17, 19, 20, 23] including 178,429 subjects (14,810 cases) were analyzed for cheese intake.
High versus low intake. Yogurt and cheese intake were inversely associated with T2DM risk. The pooled RRs were 0.85 (0.75-0.97, I 2 = 55% and P heterogeneity = 0.02) and 0.82 (0.77-0.87, I 2 = 0% and P heterogeneity = 0.82), respectively. Dose-response analysis. Yogurt and cheese intake were inversely associated with T2DM incidence. The pooled RRs were 0.91 (0.82-1.00, I 2 = 74%, P heterogeneity = 0.001) per 50 g/d and 0.80 (0.69-0.93, I 2 = 59%, P heterogeneity = 0.02) per 30 g/d, respectively.
Other dairy products
Intake of other types of dairy products except ice cream (n = 2 studies) were not significantly associated with T2DM risk (0.84 [0.73-0.95]). The pooled RR for total fermented dairy intake (n = 3 studies) was 0.94 (0.75-1.18) and cream (n = 2 studies) was 0.96 (0.84-1.12).
Discussion
This meta-analysis showed that total dairy intake was associated with a 6% lower risk of T2DM per 200 g/day consumption. When examining different types of dairy products in relation to T2DM risk, we found significant inverse associations of intake of low-fat dairy, low-fat milk, cheese and yogurt and T2DM. We found no association of intake of full-fat dairy as well as total and full-fat milk and T2DM. We also clarified a nonlinear association of both total and low-fat dairy intake and incidence of T2DM.
The hypothesis that dairy products intake protects against T2DM has received much interest among medical professionals and the general population. In intervention studies, the Dietary Approaches to Stop Hypertension (DASH) diet (a dietary pattern focusing on low-fat milk and other dairy products) increased highdensity lipoprotein levels, reduced triglycerides levels, reduced blood pressure (both systolic and diastolic), contributed to weight loss, and reduced fasting blood glucose in both men and women as compared with the control diet [36] . In epidemiological studies, the association of dairy products intake and T2DM has been explored with inconsistent results [37] .
Our findings for high versus low dairy intake are consistent with results from previous meta-analyses [24] , which only included 7 studies. High versus low analyses are limited because true differences in the level and range of intake between studies are not considered and may contribute to heterogeneity in the results. With the accumulated evidence, we were able to enhance the precision of the risk estimates, perform dose-response analyses of different dairy products and explore the shape of the doseresponse curve and sources of heterogeneity, thereby increasing the clinical relevance of our findings [38] .
In addition, the presence of both linear and nonlinear doseresponse relationships of specific dairy products strengthened the findings of an association of dairy products intake and risk of T2DM. In the linear dose-response analysis, we found a 6% and 12% lower risk of T2DM per 200 g/day intake of total and low-fat dairy products, respectively. Furthermore, we discovered a potential nonlinear association of total and low-fat dairy products intake and T2DM. A low threshold of 200 g/day total dairy and 300 g/day low fat dairy may reduce the risk by about 10% or 15% respectively. Intake above that level seems to have further but modest additional benefit for T2DM risk.
Dairy is a major source of dietary calcium and magnesium, 2 minerals that have a role in the development of T2DM, for potential in improving pancreatic B-cell function and insulin sensitivity [39] . Experimental [39] , prospective cohort studies [40, 41] and a recent meta-analysis [42] have provided convincing evidence to support the direct effects of calcium and magnesium intake on insulin resistance and T2DM. In this study, we found that the association of dairy intake and T2DM risk remained unchanged after adjusting for diet calcium and/or magnesium (7 studies), so other major components in dairy products could account for the association. Recently, the beneficial physiological effects of dairy protein, such as whey protein, on the control of food intake and glucose metabolism have been reported. Studies have shown the insulinotropic and glucose-lowering properties of whey protein in healthy and T2DM subjects [43] . Furthermore, in addition to milk proteins, transpalmitoleate, obtained primarily from dairy intake, is associated with reduced incidence of diabetes [9] .
Our analysis of high-and low-fat dairy products revealed an inverse association of only low-fat dairy food intake and T2DM risk. This support the present recommendations by health authorities and governments to eat low-fat rather than full-fat dairy products [44] . We think the most prominent relationship was from residual confounding by factors related to a more unhealthy diet or lifestyle. On the other hand, we can not rule out the association between the intake of saturated fatty acid (SFA). Dairy products contributed to 15% of the total dietary SFA intake [45] . Although prospective cohorts demonstrate no significant association between SFA intake and risk of T2DM, some findings from experimental and observational studies have showed that SFA intake was inversely associated with insulin sensitivity [45, 46, 47] . Finally, the likelihood of publication bias effects may cause uncertain results. For analysis of the milk products, only 3 of 14 studies separately evaluated whole vs. low-fat milk, and thus it seems that publication bias could account for the observed difference between low vs. whole fat milk. Furthermore, because cheese, even low-fat cheese, has higher fat and saturated fat than whole milk yet was still associated with lower risk, it appears less likely that the observed difference between whole fat and low fat milk would be due to higher fat or saturated fat content in whole milk. Further confirmatory results of appropriately powered studies are still needed.
Cheese, which has far more fat than whole-fat milk, more than half of which is saturated Evidence suggests that saturated fat intake has an adverse effect on insulin sensitivity and increases the risk of T2DM. In our analysis, we found inverse association between both cheese and yogurt intake and incidence of T2DM. The exact mechanisms responsible for the significant inverse association between cheese and yogurt and T2DM are unknown. It could be partly explained by the fact that both dairy subgroups are a good source for vitamin K2. Vitamin K2 is exclusively synthesized by bacteria and is therefore only present in fermented dairy products such as cheese and yogurt due to the bacterial starter fermentation [48] . Vitamin K2 has recently been linked to a reduced risk of T2DM [49] . Additionally, these dairy subcategories are particularly high in the fat-soluble vitamin D, which has been found to be inversely associated with T2DM [50, 51] .
We did not find a consistent pattern of difference or heterogeneity in results by sex or any other study characteristics examined, except for geographic location, which significantly modified the association between total dairy products intake and T2DM risk. We found a significant inverse association among US studies, with no evidence of a protective effect of total dairy food intake in European or Asia studies. This may be a chance finding, because only 3 European studies and 1 Asian study were included in this subgroup analysis or could be due to other factors. As well, differences in the ranges of intake or intake in the referent category could explain these results. Because of the nonlinear association between total dairy food intake and T2DM risk with the strongest reduction at low levels of intake, some studies may have missed an effect because the intake in the referent category may have been already sufficient to reduce risk. For example, in some European studies, intake of total dairy food in the referent category was .200 g/d but was ,200 g/d for all US studies. As well, types of dairy food intake may vary between populations. In addition, differences in study size and follow-up time may contribute to the variations. Further cohort studies of specific dairy products and T2DM risk in different populations are needed.
Our meta-analysis contains some limitations. Publication bias is a major concern for analyses that depend on only a few studies. For example, in our analysis, only 4 of the 15 studies separately evaluated full or low-fat milk. So the efficiency of analysis on different milk production was limited. The inverse association we found between dairy products intake and T2DM risk could be due to unmeasured or residual confounding. Higher intake of dairy products, especially low-fat dairy products, is often associated with other lifestyle factors, including increased physical activity, low prevalence of smoking, and overweight/obesity, although different types of dairy products may be differentially associated with some of these confounders. In addition, the results were generally similar in the subgroup analyses when we stratified results by adjustment for confounding factors or other study characteristics, with no heterogeneity between subgroups for total and low-fat dairy product consumption. Only the analysis of total dairy products revealed some indication of heterogeneity, with studies that adjusted for family history of T2DM showing an inverse association with T2DM; studies that did not adjust for family history of T2DM showed a nonsignificant positive association, which suggests potential confounding.
Measurement errors in the assessment of dietary intake are known to bias effect estimates. Our results are based on data from cohort studies, in which dairy intake was mostly assessed by foodfrequency questionnaires. In several studies, validation of the foodfrequency questionnaires showed good correlations, of <0.6-0.7 for milk or (if not assessed) for protein and calcium, which are good indicators for milk intake. However, we cannot exclude that measurement errors might have resulted in attenuated associations. Dietary changes after baseline can also attenuate associations of dietary intake and T2DM risk; however, only 7 of the included studies [12, 13, 14, 17, 18, 22, 23] used repeated assessments of diet, and the results were similar when using only the baseline questionnaire for the analyses (data not shown). Furthermore, dietary intake data were collected between 1984 and 2003. In earlier studies, full-fat dairy was a major contributor to total dairy intake, whereas in later studies intake was more often low-fat dairy and publication year may have explained the study heterogeneity (p = 0.02). Finally, because all the studies were conducted primarily among middle-aged and older people, these results might not be generalizable to dairy intake in earlier life periods, which might have similar or different effects.
In conclusion, our results suggest a inverse association of intake of dairy products, such as low-fat dairy, cheese and yogurt and T2DM risk. Further cohort studies are warranted to investigate the specific types of dairy products in the association, the impact of measurement errors on estimates, any gender-specific recommendations, and biomarkers of dairy intake. 
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